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£Nj ' I review some recent developments in the study of quark flavor distributions in the 

^ ' nucleon, including (i) valence quark distributions and the quark-hadron duality 

, prediction for the x — > 1 d/u ratio (ii) sea quark asymmetries and electromagnetic 

\J^) ■ form factors (iii) strange quarks in the nucleon. 

on : 

1 Introduction 

ON ■ 

While the problem of how the proton's spin is distributed among its con- 
■ stituents continues lo captivate the attention of a large segment of the hadron 

Oh, physics communityu and stimulate development of new approaches to the prob- 

• lemH, the question of how the proton's momentum is distributed among its 

QJ , various flavors is far from being satisfactorily answered. Recent experiments 

i-C ■ and refined data analyses have indeed forced us to go far beyond the naive view 

, of a nucleon as three non-relativistic valence quarks in a sea of perturbatively 

generated qq pairs and gluonsQ. 

A classic example of this is the asymmetry of the light quark pea, dra- 
matically confirmed in the recent Drell-Yan experiment at FermilabQ, whose 
interpretation defies any perturbative understandingH. In a self-consistent rep- 
resentation of the nucleon, the dynamics responsible for any non-perturbative 
effects visible in quark distributions should also leave traces in other flavor- 
sensitive observables such as electromagnetic form factors. One can quantita- 
tively study the connection between the quark distributions and form factors 
in the context of non- forward parton distributions, which is one of the offshoots 
of the recent proton spin decomposition studies □. As discussed in Section 3, 
an important test of any realistic model of nucleon structure is that it be able 
to account not only for the asymmetries in sea quark distributions such as 
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the d/u ratio, but also observables such as the electric form factor of neutron, 
which is particularly sensitive to the spin-flavor dynamics of quarks. 

Less firmly established, but quite likely to exist nonetheless, are asymme- 
tries between quark and antiquark distributions for heavier flavors, such as s 
and s, and even c and c, which are discussed in Section 4. These are closely 
connected with the strangeness form factors of the nucleon which are currently 
receiving much attention from theory and experiment alike. 

At the same time as the proton continues to reveal a rich substructure of 
its sea, some important details of quark distributions in the valence region still 
remain elusive. Most conspicuous of these is the valence d Qu^rk distribution, 
or the d/u. ratio, whose x — > 1 limit remains controversial&Q. A number of 
proposals @ have been made recently for determining the large-x behavior of 
d/u in semi-inclusive deep- inelastic scattering and other high-energy processes. 
In Section 2 I recall an old prediction for the d/u ratio at large x based on 
empirical observations of quark-hadron duality first made nearly 3 decades 
ago. 

2 Valence Quarks and Quark Hadr on Duality 

The valence d/u ratio contains important information about the spin-flavor 
structure of the proton and its asymptotic x — ► 1 behavior reflects the 
mechanism(s) responsible for the breaking of SU(2) sp j n x SU(2)fl avor symmetry. 
There are a number of predictions for this ratio, ranging from 1/2 in the 
non-relativistic SU(6) quark-model, to in broken SU(6) with scalar-isoscalar 
spectator quark dominance to 1/5 in perturbative QCDOJ. Indeed, this is 
one of the very few predictions for the x-dependence of parton distributions 
which can be drawn from perturbative QCD, and its verification or failure 
would be an important indicator of the appropriate kinematics at which QCD 
can be treated perturbatively. 

The biggest obstacle to an unambiguous determination of d/u at large x 
is the fact that this ratio is extracted from the ratio of inclusive neutron and 
proton structure functions, with the former never measured directly but rather 
inferred from proton and deuteron cross sections. The dcuteron cross sections, 
however, must be corrected fhr_nuclear effects in the structure function, which 
can become quite significant Ej'Ej at large x. In particular, whether one corrects 
for Fermi motion only, or in addition for binding and nucleon off-shell effects, 
the extracted neutron structure function for x > 0.7 can differ dramaticallyQ. 
The original observations that the d/u ratio, when corrected for nuclear effects 
in deuterium, is larger than the value assumed in global data parameterizations 
was confirmed recently in a subsequent reanalysisli-2 based on the assumption 
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that the nuclear corrections scale with nuclear densityEl. While this may be 
a reasonable assumption for heavy nuclei such as 56 Fe or 40 Ca, it is rather 
speculative when applied to light nuclei such as the deuteron. Nevertheless, 
the conclusions of both analyses do suggest that the neutron structure function 
may be significantly underestimated through the neglect of nuclear effects. 
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Figure 1: Quark-hadron duality prediction for the x — > 1 behavior of the d/u ratio. 



While a number of suggestions have been made how to avoid the nuclear 
contamination problem a, one of the more direct ways is to measure relative 
yields of— jr + and tt~ mesons in semi-inclusive deep-inelastic scattering from 
protons Ej. At large z [z being the energy of the pion relative to the photon) 
the u quark fragments primarily into a 7r + , while a d fragments into a tt~ , so 
that at large x the ratio K* — a (tt~) / a(iT + ) is given by the ratio d/u weighted 
by q — > 7r fragmentation functions. Indeed, in the limit z — > 1, where the 
u — > 7r + fragmentation function dominatestJ, the ratio K* — > d/Au. 

A direct semi-inclusive measurement of fast pion production will require 
relatively large Q 2 and W 2 , which may not be feasible until a facility such 
as an upgraded 12 GeV electron beam at Jefferson Lab becomes available. 
In the meantime, one must look for clues from other sources for information 
about d/u at large x, and one of the more obscure ones is the phenomenon of 
quark-hadron duality in inelastic structure functions. 

As observed originally by Bloom and GilmanEl, r when averaged over some 
interval of ui' = [2Mv + M 2 )/Q 2 , or more precisely E3 the Nachtmann scaling 
variable £ = 2x/(l + yl + 4M 2 x 2 /Q 2 ), the inclusive structure function in the 
resonance region at low W is approximately equal to the scaling structure func- 
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tion at much larger Q 2 . This was later reinterpreted by de Rujula, Georgi and 
Politzcr EZI in terms of an operator product expansion of the Nachtmann mo- 
ments of i<2, in which the equality of the low moments was understood to arise 
from the relatively small size of higher twist (l/Q 2 suppressed) contributions 
compared with the leading twist. 

Recent experiments at Jefferson Lab El confirm that this observation is 
reasonably accurate for each of the low-lying resonances, including the extreme 
case of elastic scattering. If one takes the latter seriously, then the first moment 
of the elastic-stmcturc function of the proton is given by the electromagnetic 
form factors ED'E^I: 



f dtF°%Q 2 ) = -^g(Q 2 ), 
J£ tf , so 



-1 C 2 

where £ t h is the value of £ at the pion threshold, and 



S(Q 2 ) = (G|(Q 2 ) + rGlAQ 2 )) , (2) 



with t = Q 2 /4M 2 and £ = 2/(1 + y/l + T/r) is the valu£Lof £ at x = 1. 
Differentiating both sides of Eq.([j]) with respect to Q 2 givesEj: 



F?(x, 



FP(x,Q 2 



dG n {Q 2 )/dQ 2 
dgp(Q 2 )/dQ 2 



(3) 



where 



dQ G 2 M — G B 1 / dG E dG M 



r-^r ■ (4) 



dQ 2 4M 2 (1+t) 2 (l+T)\dQ 2 dQ 

Using empirical values for the form factors and inverting -F^V-F? gives the local 
duality prediction for the d/u ratio in the x — * 1 limit in Fig.l. If one further 
assumes that both the proton and neutron magnetic form factors have the 
same dipole form at large Q 2 , then d/u (fi 2 — 4/x 2 )/(/i 2 [ — 4fi 2 ) w 0.25 in 
the limit Q 2 — > oo. 

It's interesting to observe that above Q 2 f» 5 GeV 2 the duality predic- 
tion is similar numerically to the expectation from perturbative QCD. This is 
consistent with the operator product expansion interpretation of de Rujula et 
al. Ej in which duality should be a better approximation with increasing Q 2 . 
Whether this is a coincidence or an indicator of common underlying physics 
remains to be settled by future experiments. 



4 



3 Role of the Light Quark Sea 



The d/u ratio is an important testing ground for our ideas about the long- 
range structure of the nucleon, and the origin of the non-perturbative spin- 
flavor interaction. The latest round of discussion about the proton's d and 
u distributions, has been spurred on by the recent measurement by the E866 
Collaboration!.!! at Fermilab of the ^-dependence of the pd to pp cross section 
ratio for Drell-Yan production, which is sensitive to the d/u ratio at small x. 




Figure 2: Flavor asymmetry of the light antiquark pea, including pion cloud (dashed) and 
Pauli blocking effects (dotted), and the total (solid) 

As pointed out originally by Field and Feynman0, because the valence 
quark flavors are unequally represented in the proton, the Pauli exclusion prin- 
ciple implies that uu pair creation is suppressed in the proton relative to dd. 
Later, ThomasEil observed that an excess of d quarks in the proton also arises 
naturally from the chiral structure of QCD, in the form of a pion cloud. In sim- 
ple terms, if part of the proton's wave function has overlap with a virtual ir + n 
state, a deep- inelastic probe scattering from the virtual 7r + , which contains a 
valence d quark, will automatically lead to d > u in the proton. 

Whatever the ultimate origin of the asymmetry, it is likely to involve some 
non-perturbative spin-flavors interaction between quarks. In order to identify 
the different possible origins of the asymmetry, consider a model of the nucleon 
in which the nucleon core consists of valence quarks, possibly interacting via 
exchange of gluons, with sea quark effects introduced through the coupling 
of the core to qq states with light meson qua1.1t1.1n3 numbers (many variants 
of such a model exist — see for example RefsEBEa). In practice, because of 
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their pseudo-Goldstone nature and their anomalously light mass, the pseu- 
doscalar pions (and for strange observables, kaons) are the most important qq 
states. The effects of the Pauli exclusion principle on the d/u ratio can then 
be associated with antisymmetrization of qq pairs created inside the coreo. 

Figure 2 shows the d/u ratio in the proton including flavor symmetry 
breaking effects generated by a pion cloud, with both TV and A recoil states (for 
soft hadronin-form factors the contributions from heavier mesons and baryons 
are smallt3 : E£l) , and a contribution due to the Pauli blocking effect The pion 
cloud parameters, namely the hadronic irNN and ttNA vertex form factors, 
are taken from the measured values of the axial elastic N and NA transition 
form factorscll, and give an overall pion probability in the proton of « 10 — 15%. 
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Figure 3: Neutron electric form factor in the pion cloud model. 



If a pseudoscalar cloud of qq states plays an important role in the d/u 
asymmetry, its effects should also be visible in other flavor-sensitive observ- 
ables, such as electromagnetic form factors. An excellent example is the elec- 
tric form factor of the neutron, a non-zero value for whic.3 cap arise from a 
pion cloud, n — » pn~ . Although in practice other effects EjEj such as spin- 
dependent interactions due to one gluon exchange between core quarks may 
also contribute to G 7 ^, it is nevertheless important to test the consistency of 
the above model by evaluating its consequences for all observables that may 
carry its signature. 

To illustrate the sole effect of the pion cloud, all residual interactions be- 
tween quarks in the core are switched off, so that has only two contribu- 
tions: one in which the photon couples to the virtual ir~ (labeled "7r~p" in 
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Fig. 3) and one where the photon couples to the recoil proton ("p7r~" in Fig. 3). 
Both contributions are large in magnitude but opposite in sign, so that the 
combined effects cancel to give a small positive G E , consistent with the data. 

One should stress that the same pion cloud parameters are used in the 
calculation of G E as for the d/u asymmetry in Fig. 4. Note, however, that the 
Pauli blocking effect plays no role in form factors, since any suppression of u 
relative to d here would be accompanied by an equal and opposite suppression 
of u sea relative to d scai and form factors measure charge conjugation odd (i.e. 
valence) combinations of flavors. The fact that the model prediction slightly 
underestimates the strength of the observed G E suggests that Other mecha- 
nisms, such as one gluon exchange between quarks in the core E3, could be 
responsible for some of the difference. 
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Figure 4: Electric to magnetic proton form factor ratio, with and without a pion cloud. 

Another quantity sensitive to details of the flavor distributions in the pro- 
ton is the electrip_to magnetic form factor ratio, which was recently measured 
at Jefferson LabE3. Pertuphative QCD predicts that asymptotically this ratio 
should be Q 2 -independentEj, so that any deviation from a constant ratio would 
be due to the influence of non-perturbative dynamics. Again assuming a sym- 
metric core which leaves [i v G p E — G P M for all Q 2 , the pion cloud contribution 
to the Pauli form factor is suppressed in G P E relative to that in G P M , resulting 
in the softening of the G P E /G P M ratio. Compared with a dipole parameteriza- 
tion, the pion corrections leave G P M relatively unaffected, but make G P E softer, 
leading to the ratio in Fig. 4. 

More quantitative comparisons with data would require one to consider 
more sophisticated models of the nucleon, incorporating explicitly the dynam- 
ics of core quarks as well as qq pairs. These simple examples, however, serve 
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to illustrate the point that the structure and interactions of light quarks and 
antiquarks in both electromagnetic form factors and high-energy scattering are 
far richer than could ever be inferred from perturbative QCD. 

4 Strange Quarks in the Nucleon 

A complication in studying the light quark sea is the fact that non-perturbative 
features associated with u and d quarks are intrinsically correlated with the 
valence core of the proton, so that effects of qq pairs can be difficult to distin- 
guish from those of antisymmetrization. The strange sector, on the other hand, 
where antisymmetrization between sea and valence quarks plays no role, is 
therefore more likely to provide direct information about the non-perturbative 
origin of the nucleon seaEx 
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Figure 5: Strange quark asymmetry in the proton arising from meson clouds for two different 
KNY form farfcprs. The shaded region indicates current experimental limits from the CCFR 
CollaborationEJ. 

Two related observables which would indicate the presence of non-perturbative 
strange quarks are the s — s quark distribution asymmetry, and strange electro- 
magnetic form factors. Limits on the former have been obtained from charm 
production cross sections in v and v deep-inelastic scattering, which probes the 
s and s distributions in the nucleon, respectively O. The resulting difference 
s — s, indicated in Fig. 5 by the shaded area, is consistent with zero, but also 
consistent with a small amount of non-perturbative. strangeness, which would 
be generated from a kaon cloud around the nucleonE-J, as in chiral quark models 
or SU(3) chiral perturbation theory. Indeed, the simplest models of intrinsic 
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strangeness in the nucleon assume that the strangeness is carried by its KY 
(Y = AtjSy • •) components, so that the s and s quarks have quite different 
originsEjQ 

The kaon cloud contribution to the asymmetry is shown by the solid curve 
in Fig. 5, for a kaon probability of w 3%. Because the s distribution in a 
kaon is much harder than the s distribution in a hyperon, the resulting s — s 
difference will be negative at large x, despite the kaon distribution in the 
nucleon being slightly softer than the hyperon distribution (on the light cone). 
However, contrary to recent claims in the literature, a kaon cloud does not 
unambiguously predict the sign of the s — s difference as a function of x—which 
turns out to be very sensitive to the dynamics of the KNY vertex c£. To 
demonstrate this the asymmetry is calculated for two different KNY form 
factors, one which depends on the invariant-mass Ai of the KY state 
(solid), and one which depends on the exchanged four-momentum t (dashed). 
For the latter, the K distribution in the nucleon is somewhat softer than the 
A, -which in this case does overcompensate for the harder s distribution in 
Kz3. Better precision neutrino data would therefore be extremely helpful in 
determining just how asymmetric strangeness in the nucleon is. 




Figure 6: Strange electromagnetic rfqrm factors of the proton compared with a kaon cloud 
prediction. For the HAPPEX dataEJ, r » 0.4. 

The other way to determine the size of the non-perturbative strange asym- 
metry in the nucleon is to measure the strange contributions to the elastic 
electromagnetic, form factors, as has recently been done at MIT-Bates Ej and 
Jefferson Lab Ell. The latest experimental information on the strange electric 
and magnetic form factors is shown in Fig. 6, together with the kaon cloud 
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prediction using the same parameters for the KNY vertex as. in the s — s 
asymmetry in Fig. 5. The result is a small and slightly positives value for the 
G S E and G S M combination measured in the HAPPEX experiment^. Although 
in good agreement with the available data, clearly better limits on G S B , M will 
be needed in order to provide conclusive evidence for or against the presence 
of a tangible non-perturbative strange component in the nucleon. 

5 Future 

One can anticipate progress to be made on each of the issues addressed here 
in the near future, as better quality data from high energy, high luminosity 
facilities, capable of accessing extreme kinematic regions, become available. 
The semi-inclusive production of is an example of a straightforward way 
to cleanly extract the d/u ratio at large x, free of the nuclear contamination 
inherent in earlier analyses. Once this is achieved, the origin of the SU(6) 
symmetry breaking responsible for the softening of the d quark distribution 
may be within reach. 

For the d/u ratio, it is important experimentally to confirm the downward 
trend of the ratio at large x, where pion cloud models generally predict a flat- 
tening out rather than any dramatic decrease in d/u. Issues concerning the size 
of the gluon contribution at large x may need to be resolved, however, before 
definitive conclusions from the present data can be reached. Future measure- 
ments of the neutron's electric form factor at Jefferson Lab and elsewhere, as 
well as the Q 2 -dependence of the proton's form factors at large Q 2 , should 
provide critical tests of our understanding of the dynamics of light quarks in 
the nucleon and the origin of the non-perturbative spin-flavor interaction. 

For the strange content of the nucleon, the data from CCFR continue to be 
reanalyzed in view of possible nuclear shadowing corrections and charm quark 
effects^. The strange form factors will also be measured to better precision in 
the upcoming HAPPEX II experiment and subsequent experiments at Jefferson 
Lab. 
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Collaboration H gives a value +0.61 ± 0.17± 0.21 at Q 2 = 0.1 GeV 2 , providing the strongest 
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10 



1. B. Lampe and E. Reya, Report MPI-PHT-98-23, |hcp-ph/9810270| . 

2. X. Ji, J. Phys. G 24, 1181 (1998); A.V. Radyushkin, Phys. Rev. D 56, 
5524 (1997). 

3. A. Watson, Science 283, 472 (1999). 

4. E.A. Hawker et al, Phys. Rev. Lett. 80, 3715 (1998). 

5. W. Melnitchouk, J. Speth and A.W. Thomas, Phys. Rev. D 59, 014033 
(1999). 

6. W. Melnitchouk and A.W. Thomas, Phys. Lett. B 377, 11 (1996). 

7. A.D. Martin, R.G. Rob erts, W.J. Stirling and R.S. Thorne, Report DTP- 
99-64, |hep-ph/9907231 . 

8. W. Melnitchouk and J.C. Peng, Phys. Lett. B 400, 220 (1997). W. Mel- 
nitchouk, M. Sargsian and M.I. Strikman, Z. Phys. A 359, 99 (1997). 

9. N. Isgur, Phys. Rev. D 59, 034013 (1999). 

10. R.P. Feynman, Photon Hadron Interactions (Benjamin, Reading, Mas- 
sachusetts, 1972); F.E. Close, Phys. Lett. B 43, 422 (1973); F.E. Close 
and A.W. Thomas, Phys. Lett. B 212, 227 (1988). 

11. G.R. Farrar and D.R. Jackson, Phys. Rev. Lett. 35, 1416 (1975). 

12. L.L. Frankfurt and M.I. Strikman, Phys. Rep. 160, 235 (1988). 

13. W. Melnitchouk, A.W. Schreiber and A.W. Thomas, Phys. Lett. B 335, 
11 (1994); Phys. Rev. D 49, 1183 (1994). 

14. U.K. Yang and A. Bodek, Phys. Rev. Lett. 82, 2467 (1999). 

15. W. Melnitchouk, J. Speth and A.W. Thomas, Phys. Lett. B 435, 420 
(1998). W. Melnitchouk, Proceedings of the Workshop on Physics with 
Electron Polarized Ion Collider - EPIC '99, IUCF, 1999, [hcp-ph/9906488 . 

16. E.D. Bloom and F.J. Oilman, Phys. Rev. Lett. 16, 1140 (1970). 

17. A. De Riijula, H. Georgi and H.D. Politzer, Ann. Phys. 103, 315 (1975). 

18. I. Niculescu, Ph.D. thesis, Hampton University, 1999; C. Keppel, talk 
presented at 7th International Workshop on Deep Inelastic Scattering 
and QCD (DIS 99), Zeuthen, Germany, Apr. 1999. 

19. G. Ricco et al, Phys. Rev. C 57, 356 (1998). 

20. R.D. Field and R.P. Feynman, Phys. Rev. D 15, 2590 (1977). 

21. A.W. Thomas, Phys. Lett. B 126, 97 (1983). 

22. A.W. Thomas, Adv. Nucl. Phys. 13, 1 (1984); D.H. Lu, A.W. Thomas 
and A.G. Williams, Phys. Rev. C 57, 2628 (1998). 

23. P. Geiger and N. Isgur, Phys. Rev. D 55, 299 (1997). 

24. F.M. Steffens and A.W. Thomas, Phys. Rev. C 55, 900 (1997). 

25. W. Melnitchouk and A.W. Thomas, Phys. Rev. D 47, 3794 (1993). 

26. J. Speth and A.W. Thomas, Adv. Nucl. Phys. 24, 83 (1998). 

27. T. Kitagaki et al, Phys. Rev. D 42, 1331 (1990). 

28. N. Isgur, G. Karl and D.W.L. Sprung, Phys. Rev. D 23, 163 (1981). 



11 



29. N. Isgur, Phys. Rev. Lett. 83, 272 (1999). 

30. M.K. Jones et al, in preparation for Physical Review Letters. 

31. G.P. Lepage and S.J. Brodsky, Phys. Rev. Lett. 43, 545 (1979). 

32. X. Ji and J. Tang, Phys. Lett. B 362, 182 (1995). 

33. A.O. Bazarko et al, Z. Phys. C 65, 189 (1995). 

34. W. Melnitchouk and M. Malheiro, Phys. Lett. B 451, 224 (1999); Phys. 
Rev. C 55, 431 (1997); Phys. Rev. C 56, 2373 (1997). 

35. A.I. Signal and A.W. Thomas, Phys. Lett. 191 B, 205 (1987). 

36. B. Mueller et al, Phys. Rev. Lett. 78, 3824 (1997). 

37. K.A. Aniol et al, Phys. Rev. Lett. 82, 1096 (1999). 



38. D.T. Spayde et al, nucl-cx/9909010 



39. C. Boros, J.T. Londergan and A.W. Thomas, Phys. Rev. D 58, 114030 
(1998); C. Boros, F.M. Steffens, J.T. Lo ndergan and A.W. Thomas, re- 
port ADP-99-32-T369, |hcp-ph/9908"280| . 



12 



